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ABSTRACT 

A simple, d i rec t  and accurate method for charge determination of 

heavy, multicharged cosmic ray par t ic les  i s  presented. The method is  

based on the  measurement of the portion of the pa r t i c l e  range over which 

a t rack can be produced by a heavy pa r t i c l e  i n  p las t ics .  

of 1 appears eas i ly  a t ta inable .  The resu l t s  of a cel lulose n i t r a t e  

nuclear emulsion stack flown aboard a high a l t i t ude  balloon are  discussed. 

Accuracy i n  Z 
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SUMMARY 

The Problem 

Conventional passive dosimeters do not accurately measure the dose 

from the  multicharged component of t he  primary cosmic radiation. 

the  contribution of such radiat ion t o  the  total. dose received w i l l  be 

Since 

considerable during the  long range manned space flights, it is  important 

t o  develop a heavy ion dosimeter f o r  t h i s  purpose. 

The Findings 

A simple, d i rec t  and accurate method f o r  charge determination of 

heavy, multicharged cosmic ray par t ic les  i n  d i e l ec t r i c  nuclear t rack 

detectors has been found. The method i s  based on the  measurement of 

the  extent of the  pa r t i c l e  range over which the  energy loss rate i s  

suff ic ient ly  high t o  allow track production through etching. 

ii 



I. INTRODUCTION 

Dielectric,  charged p a r t i c l e  t rack detectors have a number of 

charac te r i s t ics  t h a t  m a k e  them par t icu lar ly  w e l l  sui ted f o r  the study 

of heavy, multicharged cosmic ray par t i c l e s .  Some of these are: 

small weight, simplicity, mecharLca1 ruggedness, high l a t en t  image 

s t a b i l i t y ,  freedom from distortion, and simple and d i rec t  processing. 

Their chief m e r i t ,  however, l ies i n  their  a b i l i t y  t o  se lec t ive ly  

measure the highly ionizing chareed pa r t i c l e s  i n  the presence of high 

backgrounds of electrons, protons, neutrons and gamma radiat ion.  

Recent s a t e l l i t e  and high-alt i tude balloon exposures suggest t ha t  these 

detectors  w i l l  be useful i n  the study of both solar and galac t ic  cosmic 

radiation,l '  

are required. The purpose of t h i s  paper i s  t o  present a preliminary 

report  on a simple and d i r ec t  method f o r  charge determination of the  

high 2 ions. 

where measurements of  p a r t i c l e  charge, veloci ty  and mass 

a. "Development" of Cosmic Rays by Etching 

Charged pa r t i c l e s  produce developable t racks i n  d i e l ec t r i c  nuclear 

t r ack  detectors by producing ionization and exci ta t ion along t h e i r  paths. 

Tracks are "developed" by immersing the i r rad ia ted  samples in to  a 

su i tab le  chemical reagent such as a strong hydroxide solution. The 
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p a r t i c l e  damage t ra i ls  are attacked faster than  the  undamaged bulk 

material .  Under i d e d  etching conditions, t h i s  produces a conical e tch 

p i t  with a cone angle €I( 0/2 = s i n  B 
1 ,/ 

-1 ( r  /r ) , where r i s  the  r a t e  of 
€3 T ,  

a t tack  of t h e  bulk material, and r i s  t h e  rate of a t tack  along the  T 
p a r t i c l e  t ra jectory.  The vertex of t h e  cone remains sharp u n t i l  it 

reaches the point  where t he  p a r t i c l e  came t o  rest; subsequent etching 

causes t h e  apex t o  become rounded of f .  I n  t h e  case where t h e  p a r t i c l e  

penetrates the e n t i r e  thickness of a p l a s t i c  sheet, etching proceeds 

from both sides, resu l t ing  i n  two co l l inear  cones. If etching is  

allowed t o  proceed lofig enough, t he  two cones merge, resu l t ing  i n  a 

hole perietratifig t h e  thickness of t n e  p l a s t i c  (see Fig. 1). 

b. The Restricted Energy Loss Rate Cri ter ion f o r  Pa r t i c l e  Registration 

Recently it was shown3 that i n  order t o  produce a n  etchable t rack  

a charged pa r t i c l e  must have a r e s t r i c t e d  energy loss  rate 4,5,6 ( R n )  

charac te r i s t ics  of t h a t  pacrit .? 
above some cer ta in  c r i t i c a l  value, 

pa r t i cu la r  recording medium. 3 It was fou1.d t h a t  RELcrit = 1.1 x 10 
3 2 and 3.7 x 10 

r e s in  respectively, which a t  presect axe t h e  two most useful  t r ack  

recording media. RFI, i s  a quantity c losely r e l a t ed  t o  the t o t a l  rate 

of energy loss  of a charged p a r t i c l e  and is  calculated i n  a s i m i l a r  

manner. 

MeV cm /g f o r  cel lulose iiitrate and Lexw polycarbonate 

3 

I n  t h e  calculat ion of R n ,  t he  occasional l a rge  transfers of 

For ce l lu lose  n i t r a t e  and energy > w t o  e lectrons are neglected. 
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3 Lexan w = 10 

mental data on t rack  regis t ra t ion.  

e V  was found t o  be consistent with the  available experi- 

c.  Charge Determination 

The re s idua l  range, R, of a charged p a r t i c l e  with a charge Z and 

a k ine t ic  energy E i s  given by 

0 

where E is the  kinet ic  energy a t  t h a t  point corresponding t o  a velocity 

v = f3c. The rate of energy loss, dE/dx, as w e l l  as the  r e s t r i c t e d  rate 

of energy loss, RELY a re  f'unctions of the  p a r t i c l e  charge and velocity. 

Inversely, the  p a r t i c l e  charge m a y  be determined by measuring two 

quant i t ies  such as E (o r  R )  and dE/dx (o r  REL); the  var ia t ion i n  dE/dx 

( o r  REL) over an in te rva l  of range may also be used. 

ve loc i ty  i s  known, Z may be determined by a s ingle  measurement of dE/dx. 

If the  pa r t i c l e ' s  

I n  t h i s  paper w e  are concerned w i t h  two categories of  par t ic les :  

(a )  Those t h a t  stop i n  t h e  d i e l ec t r i c  t rack  detector cosmic ray 

stack, where the  range and RFL can be used. t o  determine 2. 

( b )  Those t h a t  show appreciable slowing down, but do not stop 

the stack. 

t he  t r a j ec to ry  can be used. 

essentially constant during t raversa l  of the stack o r  pa r t i c l e s  t h a t  

Here REI, and i t s  var ia t ion over the available portion of 

Very fast pa r t i c l e s  whose veloci ty  remains 
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undergo s ignif icant  nuclear interact ions are not considered. 

d. Dielectric Track Detector Stack f o r  Cosmic Ray Flux Measurement 

A charged pa r t i c l e  penetrating a s tack of d i e l ec t r i c  t rack  

detectors produces a series of coll inear,  etchable t rack  segments over 

the  pa r t  of i t s  Yange where RFL of the  p a r t i c l e  i s  above the c r i t i c a l  

value required by the  material. 

t i m e ,  t, reveals a ser ies  of etched tracks, each of length  A and having 

a cone angle 8. The e n t i r e  information content of such a t rack  

ensemble resides i n  the following t rack  parameters: the length of each 

t rack  segment, A, the  var ia t ion of R as a function of R, t h e  cone angle, 

8, of each t rack segment, and the  var ia t ion of 8 as a function of R, 

where R i s  t h e  r e s idua l  range of the p a r t i c l e  at  the point where A o r  

0 are measured. The cone angle i s  a function of REI, of t he  par t ic le ,  

decreasing with increasing REL, and quickly becoming large when REL 

approaches t h e  c r i t i c a l  value of the material. 

individual segment of the e n t i r e  t rack  is  defined f o r  specif ic  e tch 

conditions. For an etch time, t, A is  given by 

A subsequent p a r t i a l  etching f o r  a 

The t rack  length of an 

A = f ; - t ,  T 

The quantity A w i l l  approach zero where f3 is  su f f i c i en t ly  high (Be) 

such t h a t  REX drops below merit . 
c ien t  i n i t i a l  energy (corresponding t o  f3 > B,) t raversing a stack of 

Each stopping p a r t i c l e  of S u f f i -  . 
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su f f i c i en t  dimensions ( t o  bring it t o  r e s t )  w i l l  produce etchable 

t racks a t  every p l a s t i c  surface between the  point where REX = RELcrit 

and the  point where the p a r t i c l e  stops. The length of t h i s  region of 

the p a r t i c l e  t ra jec tory  is  Rreg, t he  reg is t ra t ion  range. 

. 

I n  Fig. 2 t h e  

predicted R (according t o  the  Rn c r i t e r i o n )  3 i s  given as a function 
reg 

of Z f o r  the most abundant isotope of each element. 

of every track, a charge number, Z, can then be assigned t o  each 

pa r t i c l e .  

By measuring R 
reg 

It is observed tha t  R i s  a ra ther  sensi t ive function of 2. 
reg 

11. THEEXPERIMENT 

I n  order t o  invest igate  the various possible techniques f o r  charge 

determination, a cosmic ray stack was assembled and exposed f o r  approxi- 

mately 11 hours a t  an  a l t i t ude  of 144,000 f t  over Manitoba, Canada. 

The stack consisted of 12, 1 x 3 in., 500 micron thick sheets of 

ce l lu lose  n i t r a t e  p l a s t i c  and 18, I l f o r d  K.5, 1 x 3 in., 600 micron 

th i ck  emulsion pe l l i c l e s .  Upon recovery, t he  nuclear emulsions were 

mounted on glass  and processed i n  a standard manner. 

nitrate sheets were etched together i n  a 10 M NaOH solution f o r  a 

period of 15 hours at 23OC. 

more than  one-half of the par t ic les  t h a t  t raverse  the  e n t i r e  thickness 

of a s ingle  cel lulose n i t r a t e  sheet and where etching proceeds from 

both s ides  (see Fig. 1) the  tracks did not etch completely through. 

The cel lulose 

The etch time was short  enough t h a t  f o r  

5 



b !  

The en t i re  stack w a s  scanned at  5OX magnification and measurements 

For were performed at 5OOX magnification using a d ig i t ized  microscope. 

each t rack  the parameters measured i n  each layer  of the stack included 

the  intersect ion of the t ra jec tory  with the surface, the azimuthal and 

dip angles of the trajectory,  and the length and the cone angle of the 

etched tracks. 

111. RESULTS 

Sixty different  cosmic ray pa r t i c l e s  were recorded. Thirty of 

these produced tracks i n  more than one p l a s t i c  layer  and were followed 

t o  f ind  the locations of the stopping end and the  points on the 

t ra jec tory  where Rn dropped below Rmcrit . For the pa r t i c l e s  

reg is te r ing  a t  t h e  exter ior  surface of the s tack one o r  both of these 

points could not be observed. 

all12 layers of p las t ic ,  but 15 pa r t i c l e s  regis tered i n  more than 

3 layers. 

Only two pa r t i c l e s  produced t racks i n  

a. Evaluation of 2 f o r  Par t ic les  Whose Entire Registration Range i s  

Contained Within the  Stack 

For 33 of  the  60 pa r t i c l e s  found both the  REL = RELcrit point and 

the  stopping point were contained within the  stack. 

determined according t o  Mg. 2. 

were located between the  layers  of p las t ic ,  an approximate p l a s t i c  

For these Z w a s  

For the  6 layers  of emulsion which 

6 



equivalent thickness of 0.15 g/cm 2 was used. 

The precision of the Z determination (aside from any uncertainty 

i n  value of RELcrit ) i s  governed by the a b i l i t y  t o  locate  both ends of 

of the  reg is t ra t ion  range. I n  some cases the stopping end of the 

p a r t i c l e  t r a j ec to ry  could only be determined t o  approximately f one-half 

of the  distance from the point where the p a r t i c l e  last regis tered t o  i ts  

expected, but undetected regis t ra t ion point on the next p l a s t i c  surface. 

However if a p a r t i c l e  stopped i n  a layer  of emulsion o r  i f  the t rack  i n  

the stopping layer  of p l a s t i c  was etched t o  the  stopping end (indicated 

by rounding off of the t rack)  t h i s  end of the  reg is t ra t ion  range was 

quite precisely determined. 

60 d i f fe ren t  p a r t i c l e s  detected, 

This condition w a s  observed f o r  31 of the  

The point where REL equals RFL can also be determined t o  c r i t  . 
within f one-half of the distance between surfaces along the t ra jectory.  

This i s  demonstrated by the f ac t  t ha t  a l l  of the pa r t i c l e s  seen t o  pass 

through the REL = Rncrit point were consistent i n  reg is te r ing  at a l l  

points where REL > RFLcrit 

mLcri t .  

accurate determination of Z by the measurement of the reg is t ra t ion  

range. 

Z indicates  t h a t  Z can be determined t o  f 1 o r  possibly with complete 

confidence if  the  range of t h e  par t ic le  through each layer  of the  stack 

i s  less than about 20$ of the reg is t ra t ion  range, i.e., if t h e  p a r t i c l e  

- 

and i n  f a i l i n g  t o  r eg i s t e r  where RFlL < 

The uniqueness of t he  REX = merit point i s  the  key t o  the 

Thus the  very c r i t i c a l  dependence of the reg is t ra t ion  range on 

7 



r eg i s t e r s  i n  more than 5 layers of the stack. 

much thinner layers, the layer i n  which REX = RELcrit. would not be as 

w e l l  defined and more than 5 layers would be required f o r  a pos i t ive  

ident i f icat ion of Z. 

For stacks composed of 

The Z dis t r ibut ion determined by using the R c r i t e r ion  is  shown 
reg 

as the  grey area i n  Fig. 3. 

r e s t r i c t e d  t o  in tegra l  values, the peaks observed i n  the  figure 

indicate  that  charge discrimination i s  being achieved. 

i n  the Z determination varied from approximately 5 0.3 f o r  Z = 18 t o  

f 3 f o r  some of t h e  par t ic les  measured as Z = 7. 

Since the Z determination was not 

The precision 

b .  Evaluation of Z f o r  Par t ic les  Whose Entire Registration Range i s  

Not Contained Within the Stack 

I f  the en t i re  reg is t ra t ion  range i s  not contained within the 

stack, Z cannot be determined by the method designated above. 

i f  a sufficient f rac t ion  of the  reg is t ra t ion  range can be observed, Z 

ident i f icat ion can be achieved by determining the change i n  REL 

(cr dE/dx) as a function of distance along with p a r t i c l e  t ra jec tory .  

Tne problem then i s  t o  f ind  a measurable t rack  parameter which i s  a 

sens i t ive  f'unction of t h e  REL. 

However, 

Assume tha t  a parameter P i s  only a function of REX,, i.e., 

P = P(REL). 

8 
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Then the rate of change of P with respect t o  the distance along the 

t ra jectory,  dP i s  a constant times a function of Z determined from 

the  range energy relat ionship of the ion, i.e., 

If @/dR i s  measured a t  a par t icular  value of P a par t icu lar  value of 

REL is implied and dP/d(REL) evaluated at  t h i s  point i s  a constant f o r  

all of t he  pa r t i c l e s  measured. For a given value of RE&, d(REL)/dR is 

only a function of Z. 
MeV cm 

g 

3 I n  our stopping material at RFL = 1.5 x 10 
2 , d(REL)/dR can be given approximately by 

Therefore, 

where C is  a function of the chemistry of the stopping material and 

the  etching conditions. morn Eq. (6) it i s  observed tha t  as i n  the  

case of the reg is t ra t ion  range, R 

i s  quite a sens i t ive  function of Z. 

the  rate of change of P w i t h  R 
reg' 

O f  the two parameters which gave the most promise f o r  2 ident i -  

f icat ion,  the  t rack  length, A, was the  only one with sa t i s fac tory  

9 



consistency. P lo ts  of cone angles (governed by t h e  r a t i o  of t h e  bulk 

t o  preferen t ia l  etch r a t e s )  f o r  consecutive p l a s t i c  surfaces showed a 

la rge  spread about the regression l ine,  making the  uncertainty i n  the 

slope of t h i s  l i n e  prohibi t ively large f o r  accurate Z determination. 

It should be mentioned t h a t  tracks are not s t r i c t l y  cones due t o  

diffusion effects  during etching and deviations of the plastic from 

isotropy. Plots of the etched t rack  length, A, f o r  consecutive 

surfaces as a f'unction of the distance along the  t r a j ec to ry  d id  not 

show a large spread. 

t r ack  length i s  governed not only by the  p re fe ren t i a l  etch rate but  a l so  

by a delay i n  t i m e  from the  i n i t i a t i o n  of etching of t h e  sample t o  the  

t i m e  at  which a par t icu lar  t rack  actual ly  begins t o  etch. 

delay increases with decreasing REI,. 

A contributing f ac to r  here is the  f a c t  t h a t  t he  

This time 

Of t h e  pa r t i c l e s  with Z's determined by t h e  r eg i s t r a t ion  range, 

7 had suff ic ient  range t o  permit a good determination of dA/dR, the  

slope of the p lo t  of t rack  length, A, vs. distance along the  t ra jectory,  

R. 

given by 

I 

I The 7 values of dA/dR are p lo t ted  i n  Fig. 4. The s o l i d  l i n e  i s  

da = 36.3 Z- 2*59 f o r  5 Z 23, 

. 

or 
-0.386 

10 



showing tha t  t he  data are w e l l  represented by the 2 -*05’ dependence 

as given by Eq. (6).  

of va l id i ty  of Eq. (7), d(Rn)/dR is  scaled by t h e  factor  7.63 x lo-? 

This i s  represented by the dashed l i n e  i n  Fig. 4. 

For values of Z which are not within the range 

It i s  found t h a t  t he  p lo t  of A vs. R can i n  most cases be 

represented by a s t r a igh t  l ine,  indicating t h a t  the coefficient,  

(dP/d(REL))mL is f a i r l y  insensit ive t o  the value of REL at which it is  

evaluated. For some tracks, however, there  i s  some curvature i n  t h e  

R vs .  R p lot .  This i s  the reason f o r  t h e  choice of REL = 1.5 x 10 3 
2 

MeV cm 
g 

REL, the  slopes of the A vs.  R p lots  a re  measured i n  the region of 

, a value not f a r  above the c r i t i c a l  value. For t h i s  value of 

200 the  shortest  t rack  lengths which are usually 

microns. 

Nine values of Z which could not be de t -  

less than 100 o r  

mined by using ,he 

reg is t ra t ion  range have been determined by measuring dA/dR. 

included i n  Fig. 3 as black areas. 

could not be determined; here the portion of R 

simply too short  f o r  an accurate determination of U/dR. 

These are 

For the remaining 18 pa r t i c l e s  Z 

within the  stack was  
reg 

IV. DISCUSSION 

The d is t r ibu t ion  given i n  Fig. 3 is  i n  general agreement with the  

measurement of cosmic ray abundances by others. I n  par t icu lar  the 

11 



peaks a t  Z = 10, 12, 14, 16, and 18 are  typ ica l  of other measurements. 

While the apparent peaks at Z = 21, 23, and 26 are  not t r u l y  statist i-  

ca l ly  s ignif icant  they are i n  agreement with Neelakantan and Shukla. 

Others An anomalous feature  of 

7 

8 do not f ind  peaks at  7, = 21 and 23. 

Mg. 3 is  the peak a t  Z = 7. mere should be two well-defined peaks at  

Z = 6 and 8, however these appear t o  be absent. 

poss ib i l i t y  of systematic e r rors  i n  the measurement of R 

as a r e s u l t  of the re la t ive ly  thick p l a s t i c  layers  used (500 p) which 

tend 

Here, there  is a strong 

which a r i s e  
reg 

t o  throw the Z = 6 and 8 pa r t i c l e s  i n to  Z = 7 group. This occurs 

because only about one p l a s t i c  thickness is  traversed by the R 

each of these par t ic les ,  a s i tua t ion  which can be avoided by using 

f o r  
reg 

thinner p las t ics .  

I n  comparing the  f lux  values of pa r t i c l e s  recorded here with those 

measured by others, the b ias  of the’detector  as w e l l  as t h a t  of the 

stack must be taken in to  account. The nature of t h i s  detector i s  such 

t h a t  the regis t ra t ion eff ic iency i s  much higher f o r  the higher Z 

pa r t i c l e s  as compared with t h e  l i gh te r  ions. This is  due t o  the  much 

larger  reg is t ra t ion  range of the heavy pa r t i c l e s  (see Fig. 2 )  

while the fluxes of alpha pa r t i c l e s  i n  cosmic radiat ion are f a i r l y  high, 

Thus 

the  number of t racks regis tered i n  the  s tack w i l l  be very low. Again, 

t h i s  response can be a l t e r ed  by varying the thickness of individual 

p l a s t i c  layers. 

i ron  w a s  not s a t i s f ac to r i ly  achieved simply because of t he  s m a l l  Size 

Charge ident i f ica t ion  of very heavy pa r t i c l e s  such as 

12 



I .  

of t h i s  stack. 

method, a minimum stack thickness of 10 g/cm 

using the  somewhat less accurate U/dR method a la rger  s tack i s  desira- 

ble. It is  l ike ly  t h a t  a s izable  f rac t ion  of the  unidentified 18 

For charge ident i f icat ion of Z = 26 ions using the  R 
reg 

2 is required. Even when 

pa r t i c l e s  belongs t o  the i ron  group. Having taken the  above biases 

i n t o  account (as w e l l  as the  somewhat uncertain amount of shielding 

experienced during the balloon f l igh t ) ,  OUT measurements of the 

d i f f e r e n t i a l  energy spectrum particles/m sec(MeV/nuc)sterad.l at the  

top of the  atmosphere compare favorably with the measurements of hand,  

e t  al.' 

2 [ -_ 

However the small stack volume and the  short  exposure t i m e  

r e s u l t  i n  ra ther  poor s t a t i s t i c s  which severely l i m i t  the  usefulness of 

t h i s  comparison. 

This work c lear ly  demonstrates the great po ten t ia l  of d i e l ec t r i c  

t rack  detectors i n  measurements of high Z cosmic ray par t ic les .  

s ens i t i v i ty  of the R 

approximately as Z f o r  carbon and as Z4*8 f o r  iron. 

of R 

t he  adjacent Z's. 

The 

varies 

Thus the  accuracy 

method is embodied i n  the f a c t  t h a t  R 
reg ref3 

3 

measurement need not be great i n  order t o  discriminate between 

Furthermore the nature of the detector  i s  such t h a t  
reg 

it discriminates against  the low Z par t ic les ,  as seen from the re l a t ive  

abundances of Z = 7 and Z = 12 par t ic les  i n  Fig. 3. This method should 

work w e l l  i n  measurements of fluxes of ultra-high Z pa r t i c l e s  ( Z  > 26) 

whose knowledge i s  current ly  of  great in t e re s t  t o  cosmic ray physicists.  

Since R f o r  these pa r t i c l e s  i n  cel lulose n i t r a t e  is  prohibit ively 
reg 

13 



. 

large, a material of lower sens i t i v i ty  (such as Lexan polycarbonate 

r e s in )  could be used. 

In  conclusion it should be mentioned t h a t  a determination of mass 

i s  also possible. 

achieved fo r  large values of Z i f  larger  stacks of fa i r ly  t h i n  layers  

of p l a s t i c  are used. 

necessary t o  prepare the  s tack very careful ly  t o  insure uniformity of 

the lwers. 

It i s  expected t h a t  isotropic  separation can be 

For mass discrimination it w i l l  probably be 

This w i l l  be required f o r  an accurate determination of the 

points. = 
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Fig. 1 The various observed categories of etch tracks.  
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Fig. 2 The predicted maximum r eg i s t r a t ion  range, Rreg, for the  most 
a,bundant isotope of each element. 
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Fig. 4 The r a t e  of change of etched t r a c k  length w i t h  respect t o  
p a r t i c l e  range (measured from the stopping end) vs. Z 
(7, determined by the R method. 
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